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ABSTRACT
The disease crown rot, caused predominantly by the fungal pathogen
Fusarium pseudograminearum, is a major disease of winter cereals in many
regions of the world, including Australia. A methodology is proposed, using
response curves, to robustly estimate the relationship between grain yield and
increasing crown rot pathogen burdens. Using data from a field experiment
conducted in northern New South Wales, Australia in 2016, response curves
were derived for five commercial wheat cultivars exposed to six increasing
rates of crown rot inoculum, where the rates served to establish a range of
crown rot pathogen burdens. In this way, the response curve methodology is
fundamentally different from alternate approaches that rely on genetic or
environmental variation to establish a range in pathogen burdens over which
yield loss relationships are estimated. By manipulating only the rates of
crown rot inoculum and, thus, pathogen burden directly, the number of
additional confounding factors and interactions are minimized, enabling the
robust estimation of the rate of change in yield due to increasing crown rot
pathogen burdens for each cultivar. The methodology revealed variation in
the rate of change in yield between cultivars, along with the extent of crown
rot symptoms expressed by the cultivars. Variation in the rate of change in
yield between cultivars provides definitive evidence of differences in the
tolerance of commercial Australian wheat cultivars to crown rot caused by
F. pseudograminearum, while variation in the extent of crown rot symptoms
signifies differences in the resistance of the cultivars to this disease. The
response curve methodology also revealed variation in how the different
mechanisms of tolerance and resistance act to limit yield losses due to crown
rot for different cultivars.
Keywords: Fusarium pseudograminearum, random regression, Triticum
aestivum.
The disease crown rot, caused predominantly by the fungal
pathogen Fusarium pseudograminearum, is a major disease of
bread wheat (Triticum aestivum), durum wheat (T. turgidum), and
barley (Hordeum vulgare) (Alahmad et al. 2018b). Crown rot was
first identified in Queensland, Australia (McKnight and Hart 1966)
and has subsequently been recognized as an important disease of
winter cereals internationally, including in the United States
(Smiley et al. 2005), South Africa (Lamprecht et al. 2006), Tunisia
(Chekali et al. 2011), Turkey (Tunali et al. 2008), and, more
recently, China (Li et al. 2012). Within Australia, crown rot occurs
across all winter cereal-growing regions (Backhouse et al. 2004;
Khangura et al. 2013), with an annual combined cost to the
Australian wheat and barley industries estimated at $97 million
(Murray and Brennan 2009, 2010).
F. pseudograminearum has a wide range of winter cereal and
grass hosts and survives as fungal hyphae in the residues of infected
plants for extended periods (Summerell et al. 1990). The primary
management option for the control of crown rot is the inclusion of
noncereals in the crop rotation sequence (Evans et al. 2010;
Kirkegaard et al. 2004), with the impact of the disease further
minimized by the adoption of inter-row sowing practices; that is, the
sowing of crops in the space between the rows of previous host crop
residues (Verrell et al. 2017). These approaches use temporal and
spatial shifts to limit contact between susceptible crops and sources
of inoculum. Currently, only one fungicide product is registered for
the suppression of crown rot in Australia; however, it has been
shown to have limited efficacy in reducing yield loss from crown rot
infection when used alone (Simpfendorfer 2016).
Genetic solutions to crown rot are also limited. In Australia,
decisionsmade by industry regarding the selection of cultivars for use
in the presence of crown rot are currently only based on the resis-
tance of cultivars to the disease, with little information available about
the tolerance of cultivars. Resistant cultivars decrease the visual se-
verity of infection in the base of tillers and, hence, the quantity of the
crown rot pathogen in the host and, subsequently, in the cropping
system.Alternatively, tolerant cultivars improve ormaintain levels of
production in the presence of crown rot infection, compared with
other cultivars. Prebreeding efforts in Australia are focused on
developing cultivars with improved resistance and tolerance to
crown rot (Kelly et al. 2016; Liu and Ogbonnaya 2015); however, it
is challenging to partition resistance from tolerance using current
methodologies (Kelly et al. 2016).
In the context of plant pathology, tolerance to disease is defined as
the ability of a host to limit the damage or impact of a given pathogen
burden on host health (Kause and Ødegård 2012). As such, a tolerant
cultivar is defined as one that loses significantly less yield or quality
compared with other cultivars, although withstanding an equivalent
pathogen burdenas the other cultivars (Schafer 1971; Smiley andYan
2009; van den Berg et al. 2017). More formally, tolerance can be
defined as the rate of change in yield or quality as pathogen burden
increases (Råberg et al. 2009). Resistance to disease occurs when
a host and pathogen are mutually incompatible and, as such, the host
is able to prevent or limit the growth of the pathogen in a manner that
reduces the impact of the pathogen on the host (Caldwell et al. 1958;
Kause and Ødegård 2012). In this way, expression of resistance is
different from tolerance.
Experiments to assess the tolerance of cultivars are often
performed in the field, because reliable estimates of the grain yield
of cultivars are required. Experimental techniques to measure
tolerance require each cultivar to be exposed to a range of disease
pressures, increasing in intensity from ideally no disease (nil
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disease control) through to a high disease pressure, with a sufficient
number of intermediate disease pressures spanning the range
between the two extremes (Råberg et al. 2009). Through exposure to
these disease pressures, differential pathogen burdens develop for
each cultivar, depending on the compatibility of the cultivar and
pathogen. By measuring the yield and intensity of the pathogen
burden or representative symptoms of the pathogen for each
cultivar, the rate of change in yield due to disease can be estimated,
where the rate of change in yield is synonymous with tolerance
(Råberg et al. 2009; Simms 2000).
In the case of crown rot, differential disease pressures can be
established by varying the concentration of inoculum to which
experimental cultivars are exposed. Inoculation methods vary, with
some inoculating experimental cultivar seed with spores (macro-
conidia) (Hollaway et al. 2013), while others incorporate sterilized
grain colonized by F. pseudograminearum in the furrow with the
seed of experimental cultivars at the time of sowing (Dodman
and Wildermuth 1987). Cereal crop cultivars grown under these
inoculated conditions become infected by the disease, and growth
of the pathogen proliferates through the plant at a rate that is
dependent on both environmental conditions and the resistance of
the cultivar (Swan et al. 2000).
Crown rot infection can be characterized visually as a honey-
brown discoloration at the base of infected tillers, with browning
extending upward from the base of the tiller as the severity of the
pathogen burden increases. Visual scoring systems based on the
extent of stem browning have been adopted as the industry standard
(Wallwork et al. 2004; Wildermuth and McNamara 1994), with
ratings assigned according to the extent of complete or partial
browning of the base of tillers. The intensity of the crown rot
pathogen burden can also be measured directly through the use of
quantitative polymerase chain reaction (qPCR) methods to quantify
the fungal biomass of F. pseudograminearum in the stem of infected
tillers (Hogg et al. 2007). Results from qPCR assays have been found
to correspond well with visual ratings based on the severity of stem
browning at the base of infected tillers (Hogg et al. 2007; Knight and
Sutherland 2015). Both fungal biomass of F. pseudograminearum
and the severity of stem browning have been demonstrated to be
suitable estimates of crown rot pathogen burden (Hogg et al. 2007).
Yield loss due to crown rot is partially determined by the formation of
whiteheads or dead heads (McKnight and Hart 1966), which are
induced by water stress during flowering and grain filling (Beddis and
Burgess 1992; Chekali et al. 2011; Papendick and Cook 1974). These
prematurely senesced spikes contain either no grain or shriveled
grain, dependingon the timing of stress relative tograin development.
A recent study has demonstrated that tillers displaying greater
severity of stem browning and F. pseudograminearum biomass more
typically exhibit whiteheads (Knight et al. 2017).
Previous experimental methods to evaluate the tolerance of
cultivars to plant diseases have varied, with some studies compar-
ing the yield of cultivars exposed to a high, uniform disease pressure
in the field and attributing yield differences between cultivars to
differences in tolerance (Thompson et al. 1999; Trudgill 1991).
However, without manipulating the disease pressures to which the
cultivars are exposed, there can be no certainty that the observed
yield differences between cultivars are due to differences in
tolerance to disease. Rather, the observed yield differences could
result from the differential response of cultivars to other un-
measured variables; for example, other pathogens, soil character-
istics (salinity or nutrient deficiencies), or weather phenomena
(frost or heat stress events) related to the environment in which the
experiment was conducted (Simms 2000). Additionally, this
approach cannot partition inherent differences in yield potential
between cultivars in a given environment from tolerance.
Tolerance has also been quantified by comparing the difference
or ratio between yield measured from field plots controlled to
ensure that no pathogen is present (nil disease control) and the yield
measured from plots in which high disease pressures have been
applied or established (Smiley and Yan 2009; Trudgill 1991). The
inclusion of a nil disease control in this method allows the yield
potential of cultivars to be estimated and enables yield differences
measured for a given cultivar, or on average across all cultivars, to
be attributed to the manipulated experimental treatment; in this
case, high disease pressure. To reliably attribute differences in yield
to greater disease pressure, assessments of the pathogen burden
need to be undertaken in both the disease-free and diseased plots;
otherwise, misleading or biased estimates of the yield impact of the
disease may be determined because, in reality, completely disease-
free plots are difficult to achieve (Kelly et al. 2016). Techniques to
derive “tolerance-like” measures, referred to as yield responsive-
ness and yield advantage, from experiments conducted using paired
diseased and disease-free plots have been developed (Kelly et al.
2016). However, with only two disease treatments, there is insuf-
ficient information to reliably estimate the rate of change in yield
due to disease and, thus, tolerance of cultivars.
Response curves offer a means of modeling a relationship between
yield and pathogen burden to describe yield losses due to disease. The
simplest form of response curve can be derived by fitting a linear
regressionmodel for yield against pathogen burden for each cultivar.
From the linear regressionmodel, the estimate of the slope parameter
quantifies the rate of change in yield per unit increase in pathogen
burden, or tolerance, of a cultivar (Råberg et al. 2009; Simms 2000).
The intercept parameter provides an estimate of the yield potential of
the cultivar, which is the potential yield of the cultivar in that
environment, grown in the absenceofdisease (Råberg et al. 2009).An
alternative to the linear regression model is the random regression or
random coefficients model which, in its simplest form, allows for the
estimationof parameters froma standard regressionmodel as random
effects in a linear mixed model framework (Laird and Ware 1982).
This approach enables the modeling of variation between the
response of cultivars around an overall response profile (De Faveri
et al. 2015). Additionally, this response profile can be extended to
account for nonlinearity in the rate of change in yield due to disease.
The aims of this studywere to (i) demonstrate the effectiveness of
the response curve methodology for quantifying the yield response
of wheat cultivars to the disease crown rot and (ii) explore how
cultivars limit yield losses to this disease, in terms of both resistance
and tolerance. A field experiment conducted in 2016 near Bullarah
in northern New South Wales, Australia provides the motivating
data set for the application of the response curve methodology.
MATERIALS AND METHODS
A field experiment located near Bullarah, New South Wales,
Australia (S 29.54591, E 149.07883) was conducted in 2016 to
assess the yield loss of wheat cultivars due to the disease crown rot.
The experiment consisted of four commercial Australian bread
wheat cultivars (EGAGregory, Lincoln, Sunguard, andSuntop) and one
durum wheat cultivar (Caparoi), selected to have similar times to reach
flowering fromsowing,with a recommended sowingwindowofmid- to
lateMay in northernNewSouthWales. Each cultivarwas exposed to six
rates of crown rot inoculum: 0, 0.25, 0.5, 1.0, 2.0, and 4.0 g of inoculum
per meter of row. The inoculum was applied at sowing (25 May 2016)
using a modified version of the Dodman and Wildermuth (1987)
method. Inoculum was prepared from durum grain sterilized by
autoclaving at 121C for 60 min on two consecutive days. Macro-
conidial suspensions were initially prepared inmung bean broth (grown
for 7 days) andwere then used to inoculate separate batches of sterilized
durum grain for each of five F. pseudograminearum isolates, where
isolates were collected postharvest from experiments conducted in
New South Wales, Queensland, and Victoria, Australia in 2015. The
inoculated durum grain was then grown at 25C for 3 weeks and air
dried at 30C before pooling the colonized grain into equal quantities
of the five F. pseudograminearum isolates and packing with the via-
ble cultivar seed prior to sowing. A mixture of isolates was used to
ensure consistent aggressiveness of the inoculum.
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The treatments were randomized according to a split-plot design,
where cultivars were allocated to main plots and the rates of
inoculum were allocated to subplots, randomized within main
plots. Three replicates of each treatment combination, being
the combination of cultivar and applied inoculum rate, were
included in the experiment, providing a total of 90 experimental
plots (n = 90). These 90 plots were arranged in a rectangular
spatial array of 15 rows by six columns in the field, with each
replicate block consisting of 15 rows by two columns (Fig. 1).
Experimental plots were 7.6 m in length and consisted of five
rows of plants, spaced at 33 cm, with a target planting density of
100 plants/m2 for all cultivars based on 1,000 grain weight
and percentage germination from seed testing assays prior to
sowing.
Fig. 1. Layout of the treatments included in the experiment conducted near Bullarah in 2016. Dashed horizontal lines represent the main plot boundaries, while
solid vertical lines correspond to replicate block boundaries. Shading of subplots corresponds to the differential rates of applied crown rot inoculum measured in
grams of applied inoculum per meter of row (g/m row).
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Prior to sowing, separate bulk soil samples (30 soil cores, 0 to
15 cm in depth using a 10 mm diameter AccuCore) were collected
randomly across each column of the experiment. PREDICTAB soil
DNA tests (Ophel-Keller et al. 2008) were conducted on each
bulked sample to determine the background concentration of
F. pseudograminearum at the experimental location, along with
levels of a range of other soilborne pathogens. The soil DNA tests
revealed low estimated concentrations of F. pseudograminearum
(F. pseudograminearum DNA at an average of 1.1 ± 0.1 log pg/g of
soil) present at the location, persisting in the residues of previously
infected crops. In addition, moderate populations of the plant-
parasitic nematode Pratylenchus thornei (average of 2.7 ± 0.8
nematodes/g of soil) were also identified across the location. None
of the other soilborne pathogens assayed in the DNA tests
(P. neglectus, Rhizoctonia solani, Bipolaris sorokiniana, Pythium
clade f, and Gaeumannomyces graminis var. tritici) were detected.
Grain yield was machine harvested (Kingaroy Engineering
Works) and yield was measured on grain samples taken from each
plot at maturity (8 December 2016).
Avisualmeasure of crown rot symptoms based on the incidence and
severity of browning of infected tillers was measured for 25 plants
randomly sampled from themiddle three rows of each five-row plot in
the experiment, resulting in the collection and assessment of 2,250
individual plants. These plants were collected from plots by hand
4days after harvest,with care taken to preserve the subcrown internode
where possible. For each plant sampled, the total number of tillers on
the plant alongwith the number of tillers that exhibited basal browning
symptoms were recorded. By determining the number of tillers that
exhibited basal browning from the total number of tillers, a measure of
crown rot incidence was derived for each plant. The extent of
browning symptoms averaged across all tillers on each plant
was scored between 0 and 3, increasing in 0.5 increments, where
0 = no browning; 0.5 = partial browning, 0 to 2 cm; 1 = complete
browning, 0 to 2 cm; 1.5 = complete browning, 0 to 2 cm + partial
browning, 2 to 4 cm; 2 = complete browning, 0 to 4 cm; 2.5 =
complete browning, 0 to 4 cm + partial browning, 4 to 6 cm; and 3 =
complete browning, 0 to 6 cm to provide a measure of crown rot
severity for each plant.
The crown rot index was calculated for each plant, using the
equation
Crown Rot Index  =   ½ðtillers with basal browning=
total number of tillersÞ  ×  ðextent of basal browning=3Þ  ×  100%;
with the resulting crown rot index values ranging between 0% if no
tillers on a plant displayed basal browning to 100% if all tillers on
a plant displayed basal browning and this browning was complete
from 0 to 6 cm.
Response curves describing the relationship between yield and
crown rot index for each cultivar i (where i = 1,2,…,v) in the
experiment were derived using a random regression model,
implemented in a linear mixed model framework. This ap-
proach enabled the overall relationship between yield and
crown rot index, labeled the yield response profile to disease,
to be estimated using an mth-order polynomial regression,
while simultaneously modeling variation between the responses
of the cultivars around this overall yield response profile. The
general form of the linear mixed model fitted to the data can be
written as:
y ¼ Xbþ Zgug þ Zpup þ e
where y is an n × 1 vector of yield observations measured on each
plot, b = [b0,b1,…,bm]T is an (m + 1) × 1 vector of fixed effects
corresponding to the coefficients of a polynomial regression of
orderm, andX= [1n Xc], where 1n is an n× 1 vector of ones andXc is
















consisting of crown rot index observations measured on each
plot and formed from the average of 25 individual plant values per
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5 when observations are ordered by cultivar.
The vector up contains random effects corresponding to the
structure of the experimental design, including effects for
replicate blocks and main plots within replicate blocks, with
associated design matrix Zp, and e is an n × 1 vector of residual
errors.
The random effects from the linear mixed model above are

















Furthermore, the matrix Gg can be written as:
Gg =Gm  Ä  Iv
where Gm is an (m + 1) × (m + 1) symmetric matrix of unstructured
form to ensure that the model remains invariant to translation
(Fitzmaurice et al. 2008) and Iv is an identity matrix of dimension v.
Thus, the distribution of the data y is normal with mean Xb and
variance:
varðyÞ=ZgGgZTg +ZpGpZTp +R
For the data arising from the experiment conducted near Bullarah in
2016, a first-order polynomial regression (m = 1) namely, a linear
regression, was found to offer the most parsimonious description of
the relationship between yield and crown rot index, in terms of the
adequacy of model fit and number of parameters required. This
simplifies the vectors b and ugi to the following forms:
b ¼ ½b0; b1T   and  ugi ¼ ½b0i; b1i T
where the parameters b0 and b1 correspond to the intercept and
slope of the overall yield response profile, respectively, while b0i
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and b1i correspond to the random intercept and slope effects,
respectively, where these effects are provided as deviations from the
overall yield response profile for cultivar i.
Estimates of the overall linear response profile parameters (b0 and
b1) were provided from the model as empirical best linear unbiased
estimators (e-BLUEs), while estimates of the random intercept (b0i)
and slope (b1i) effects for each cultivar,were provided as empirical best
linear unbiased predictors (e-BLUPs).
Predictions of the theoretical yield potential (intercept) and rate
of change in yield due to disease (slope) for each cultivar were
formed by combining the e-BLUEs of b (b̂) and the e-BLUPs of
ug (ueg) as follows:
1v  Ä  b̂ + ueg
where 1v is a v × 1 vector of ones. The predicted intercepts for the
cultivars were considered to be theoretical yield potentials due to
the difficulties associatedwith establishing a true nil disease control
treatment in practice and the limitation of having to extrapolate
beyond the range of the observed data to estimate these effects.
All variance components were estimated using residual maxi-
mum likelihood (Patterson and Thompson 1971), implemented
through the ASReml-R package (Butler et al. 2009) in the R
statistical computing environment (R Core Team 2017).
RESULTS
The experiment conducted near Bullarah in 2016 enabled the
yield response of fivewheat cultivars to crown rot to be assessed.No
crown rot inoculum was applied to some experimental plots in an
attempt to achieve a nil disease control treatment. However,
residues from previously infected host crops were present at the
experimental location and resulted in low levels of infection in the
bread wheat cultivars and moderate levels of infection in the durum
wheat cultivar, Caparoi (Fig. 2). This is reflected in a comparison of
the minimum crown rot index values exhibited by the cultivars,
whereby Caparoi expressed a minimum value of 22.7%, while the
minimum crown rot index values measured on the four bread wheat
cultivars ranged from 3.6 to 5.2% (Fig. 2). The median crown rot
index values measured for each cultivar under each rate of applied
inoculum varied (Fig. 2). The cultivar Caparoi consistently
exhibited the highest median crown rot index values under each
of the applied rates of inoculum (Fig. 2), implying a lack of
resistance to crown rot. Conversely, the cultivar Sunguard consis-
tently exhibited the lowestmedian crown rot index values under each
of the rates of applied inoculum (Fig. 2), demonstrating the greatest
resistance to crown rot of the cultivars considered.
Due to the difficulty in establishing a nil disease control treatment
in the experiment, extrapolation beyond the range of the observed
crown rot index values was required to estimate the yield of the
cultivars in the absence of disease (crown rot index of 0%). Thus,
estimates of the yield potential are reported as theoretical and
assume that the linear relationship estimated for each cultivar is
consistent beyond the range of the observed values. The bread
wheat cultivar Suntop was estimated to have the highest theoretical
yield potential (5.47 t/ha) of all five wheat cultivars considered in
the experiment, while the durum wheat cultivar Caparoi was
estimated to have the lowest theoretical yield potential (4.96 t/ha) in
the environment (Table 1).
All five cultivars displayed a negative rate of change in yield as
the crown rot pathogen burden increased; however, the magnitude
of the rate of change varied between cultivars (Fig. 3; Table 1). The
cultivar Suntop exhibited the highest median crown rot index value
of the four bread wheat cultivars (55.7%) (Fig. 2); however, it
demonstrated the smallest rate of change in yield and, thus, greatest
tolerance to crown rot of the cultivars considered (Fig. 3; Table 1).
Therefore, under the environmental conditions experienced during
the conduct of this experiment, the expected reduction in yield per
unit increase in crown rot index of the cultivar Suntop was
approximately 0.013 t/ha (Table 1). Conversely, the greatest rates of
change in yield to crown rot, implying reduced tolerance to the
disease, were exhibited by the cultivars Sunguard, Lincoln, and
EGA Gregory (Fig. 3; Table 1). All three cultivars displayed similar
rates of change in yield, with the expected reduction in yield per unit
increase in crown rot index of the cultivars estimated to be between
approximately 0.023 and 0.030 t/ha (Table 1); approximately two
times the magnitude of the rate of change in yield demonstrated by
Suntop. The durum wheat cultivar Caparoi displayed a rate of
change in yield similar to Suntop (Table 1); however, this estimate
was influenced by the inability to establish a near nil disease control
for this cultivar due to its lack of resistance to the disease. Thus, the
assessment of the rate of change in yield at lower levels of crown rot
pathogen burden was not possible for this cultivar (Fig. 3).
Of the five wheat cultivars, the bread wheat cultivar Suntop was
estimated to have the highest predicted minimum yield (4.68 t/ha);
that is, the predicted yield under the maximum crown rot pathogen
burden observed (Table 2). The cultivars Caparoi and Lincoln
exhibited the lowest predicted minimum yields of 3.91 and 3.94
t/ha, respectively (Table 2).
DISCUSSION
The response curve methodology revealed that each of the five
wheat cultivars in the 2016 Bullarah experiment exhibited a neg-
ative rate of change in yield under increasing crown rot patho-
gen burdens; however, the magnitude of the rates of change varied
between the cultivars (Fig. 3; Table 1). Tolerance is defined as the
rate of change in yield as pathogen burden increases (Råberg et al.
2009; Simms 2000); thus, variation in the rate of change in yield
of the cultivars in the 2016 Bullarah experiment demonstrates
variation in the tolerance of these cultivars to F. pseudograminea-
rum. Previous studies have implied the ability to screen and select
cultivars that display greater tolerance to crown rot (Alahmad et al.
2018a; Liu et al. 2012); however, themethods presented only enable
assessment of resistance to this disease. The method of Alahmad
et al. (2018a) was based solely on the visual assessment of the
severity of basal browning 63 days after sowing under glasshouse
conditions, while Liu et al. (2012) used a molecular approach to
measure fungal biomass over time for a maximum of 35 days in
glasshouse inoculated seedlings. Neither study involved any
measure of yield and both are examples of how the term tolerance
is often misused and inappropriately interchanged with the term
resistance when describing studies of Fusarium crown rot. Given
the definition of tolerance as the rate of change in yield as patho-
gen burden increases (Råberg et al. 2009; Simms 2000), this study
provides the first set of definitive results demonstrating variation
in the tolerance of commercial Australian wheat cultivars to the
disease crown rot.
Although all cultivars displayed yield losses due to F. pseu-
dograminearum, Suntop displayed the most tolerance to the path-
ogen, because the cultivar exhibited the smallest rate of change in
yield (Fig. 3; Table 1). Conversely, Sunguard, Lincoln, and EGA
Gregory demonstrated the least tolerance to the pathogen, with the
three cultivars displaying similar rates of change that were
approximately two times greater than those displayed by the most
tolerant cultivar in the experiment (Table 1). The durum wheat
cultivar Caparoi exhibited a level of tolerance similar to that of
Suntop; however, the ability to estimate the rate of change in yield at
low levels of pathogen burden was impeded by moderate levels of
infection occurring when no or low levels of inoculumwere applied
(Fig. 2), due to residues of previously infected crops persisting at the
experimental location. Therefore, the reported estimate of the rate
of change in yield should be regarded as conservative for this durum
wheat cultivar.
The response curve methodology also demonstrated variation in
the resistance of the cultivars in the 2016 Bullarah experiment.
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Cultivars that possess resistance to crown rot will display less stem
browning symptoms, leading to reduced crown rot index values
compared with other, more susceptible, cultivars (Wallwork et al.
2004; Wildermuth and McNamara 1994). Of the bread wheat
cultivars in the experiment, Sunguard demonstrated the greatest
resistance to F. pseudograminearum by consistently displaying
a lower median crown rot index value than the other cultivars under
each of the applied rates of inoculum (Fig. 2). However, although
demonstrating the greatest resistance to F. pseudograminearum in
this experiment, the cultivar Sunguard is regarded by industry to be
only “moderately susceptible” to the disease (Lush 2018). There are
currently no commercial cultivars that display high levels of
Fig. 2. Distribution of the crown rot index values measured on a plot basis for each of five wheat cultivars in the experiment conducted near Bullarah in 2016. Data
are presented for each of the six rates of applied crown rot inoculum in the experiment, where the rates range from no applied inoculum (0) to 4.0 g of applied
inoculum per meter of row. Shaded portions of boxes correspond to interquartile range, or range within which 50% of observations lie, while thick black lines
within each box denote the median of observations. Thin black vertical lines external to each box present the range of minimum and maximum values observed.
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resistance toF. pseudograminearum. Of the breadwheat cultivars in
the experiment, Suntop exhibited the least resistance to the disease,
displaying consistently higher crown rot index values than the other
bread wheat cultivars across each of the applied rates of inoculum
(Fig. 2). The range of crown rot index values exhibited by the
cultivars EGA Gregory and Lincoln varied across the different rates
of applied inoculum, with both cultivars showing near to equivalent
levels of resistance to F. pseudograminearum. The durum wheat
cultivar Caparoi displayed the least resistance to the disease by
consistently exhibiting higher crown rot index values than the bread
wheat cultivars under each of the applied rates of inoculum (Fig. 2).
This result is consistent with the widely reported lack of resistance
that durum wheat exhibits to crown rot, when compared with bread
wheat (Hollaway et al. 2013; Knight and Sutherland 2015; Knight
et al. 2017; Martin et al. 2013).
Response curves also provide a means of investigating how the
different mechanisms of tolerance and resistance act to limit the
extent of yield loss of cultivars to disease; for two equally resistant
cultivars, tolerance limits the rate of yield loss under increasing
pathogen burdens whereas, for two equally tolerant cultivars,
resistance limits the extent to which pathogen burden can develop,
potentially truncating the extent of yield losses at a level lower than
that of a less resistant cultivar. In the 2016 Bullarah experiment, the
cultivars Suntop and Sunguard provide a contrast in terms of the
mechanisms used to limit yield losses to crown rot. Suntop was
found to be the most tolerant cultivar in the experiment; however, it
was also the least resistant of the bread wheat cultivars. Therefore,
although exhibiting greater levels of crown rot symptoms, the
cultivar was able to endure the pathogen burden and limit the extent
of yield loss incurred (Fig. 3). Conversely, Sunguard was the most
resistant cultivar in the experiment; however, it displayed the least
tolerance to the disease. Although the yield loss of Sunguard per
unit increase in pathogen burden was greater than two times that of
Suntop, the extent of pathogen burden development was limited by
the greater resistance of the cultivar (Fig. 3). In this experiment, the
predicted minimum yields of Suntop and Sunguard (Table 2) were
found to be similar, demonstrating how the different mechanisms of
tolerance and resistance can act in different cultivars to limit the
extent of yield loss due to crown rot.
A limitation of the experiment conducted at Bullarah in 2016
was the concentration of F. pseudograminearum pathogen persist-
ing in the residues of previously infected crops at the experimental
location. Although PREDICTA B soil DNA tests (Ophel-Keller
et al. 2008) prior to sowing revealed that the pathogenwas estimated
to be present in low concentrations (F. pseudograminearumDNA at
an average of 1.1 ± 0.1 log pg/g of soil), there was still a sufficient
quantity of the pathogen to result in moderate levels of infection
in the least resistant durum wheat cultivar, Caparoi, when no
additional inoculum was applied to the experimental plots. These
moderate levels of infection resulted in the inability tomeasure the rate
of change in yield of the cultivar at low levels of pathogen burden, thus
potentially resulting in the underestimation of the rate of change in
yield of this cultivar to crown rot. In addition, the soil DNA tests
indicated that amoderate population (average of 2.7±0.8 nematodes/g
of soil) of the plant-parasitic nematode P. thornei was present at the
experimental location. P. thornei are widespread across the northern
grain-growing region of Australia and have been found to induce yield
losses of up to70%in intolerantwheat cultivars (Thompsonet al. 2008,
2010). Of the five wheat cultivars included in the experiment in 2016,
Lincoln is considered intolerant to P. thornei while the other cultivars
are all considered moderately tolerant (Lush 2018). Therefore, the
yield potential of Lincoln may have been negatively impacted by the
presence of P. thornei across the experimental location. Furthermore,
little is known about the interaction of F. pseudograminearum and
P. thorneiwhencoinfecting cereal plants in the field,which could serve
to exacerbate the yield losses incurred. Although it poses a significant
challenge for field-based experimentation, this demonstrates the need
to establish uniform experimental conditions free from both preexist-
ing levels of the target pathogen and other nontarget pathogens when
conducting any experiment with the aim of quantifying the impact of
a target pathogen on yield or any trait of interest.
The yield response methodology, demonstrated using the
Bullarah 2016 experiment, provides a methodology for the robust
estimation of the rate of change in yield as pathogen burden
increases, interpreted as tolerance, of a series of cultivars. The
method is distinctly different from alternate approaches used to
quantify “tolerance-like” measures, where cultivars are either
exposed to consistent, high disease pressures or paired treatments
are applied in which one treatment is managed to be pathogen free
while the other is under high disease pressure (Trudgill 1991). By
exposing cultivars to consistent, high disease pressures, there can be
nocertainty thatmeasured yield differences between cultivars are due
to differences in tolerance to the disease (as some studies conclude)
(Thompson et al. 1999; Trudgill 1991), because the differences may
also arise from inherent differences in the yield potential of the
cultivars or cultivar-specific responses to other unmeasured variables
in the environment in which the experiment was conducted. In
experiments where paired high disease pressure and pathogen-free
treatments are established, the yield potential of cultivars can be
estimated from the pathogen-free treatments and yield losses due to
the disease on a cultivar basis or other tolerance-like measures
quantified (Kelly et al. 2016). However, by exposing cultivars to only
two disease pressures, there is insufficient information to reliably
estimate the rate of change in yield and, thus, tolerance to disease of
the cultivars. Only through the manipulation and establishment of
a range of differential disease pressures to which each cultivar is
exposed and in which differential pathogen burdens develop can
relationships capturing the yield response of cultivars to the pathogen
be derived. Furthermore, using the definition of tolerance as the rate
of change in yield or quality as pathogen burden increases (Råberg
et al. 2009), only yield response relationships estimated using this
methodology will provide a measure of tolerance to disease.
TABLE 1. Empirical best linear unbiased predictors of the theoretical yield
potential and rate of change in yield of the five wheat cultivars included in the
experiment conducted near Bullarah in 2016 and empirical best linear un-
biased estimators of the parameters of the overall yield response profilea
Cultivar
Theoretical yield
potential (t/ha) ± E.S.E.
Rate of change in
yield (t/ha per unit
crown rot index) ± E.S.E.
Caparoi 4.96 ± 0.176 _0.015 ± 0.003
EGA Gregory 5.29 ± 0.166 _0.023 ± 0.004
Lincoln 5.16 ± 0.168 _0.029 ± 0.004
Sunguard 5.33 ± 0.165 _0.030 ± 0.005
Suntop 5.47 ± 0.165 _0.013 ± 0.003
Overall yield
response profile 5.24 ± 0.151 _0.022 ± 0.004
a Theoretical yield potential is measured in tons per hectare (t/ha) and rate
of change in yield is measured in t/ha per unit change in crown rot index.
E.S.E. = estimated standard error of the parameter estimates.
TABLE 2. Maximum observed crown rot index and predicted minimum yield




crown rot index (%)
Predicted minimum
yield (t/ha) ± E.S.E.
Caparoi 72.7 3.91 ± 0.170
EGA Gregory 41.1 4.33 ± 0.172
Lincoln 41.4 3.94 ± 0.169
Sunguard 26.3 4.55 ± 0.161
Suntop 58.7 4.68 ± 0.170
a Predicted minimum yield corresponds to the yield of a cultivar under the
maximum observed crown rot pathogen burden exhibited by that cultivar.
Predictions were formed using the estimated response curve for each
cultivar. E.S.E. = estimated standard error of the prediction.
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This study considers results from a single experiment;
however, future work will explore the impact of different
environments on the level of tolerance and resistance displayed
by cultivars to crown rot. Experiments similar to that conducted at
Bullarah in 2016 have been performed across Australia from 2014
to 2018, using sets of regionally specific and commercially
relevant cultivars, to explore the mechanisms of tolerance and
resistance to crown rot and their interactions with environmental
conditions.
CONCLUSIONS
The yield response methodology, as applied to the 2016 Bullarah
experiment, provides the first set of definitive results demonstrating
variation in the tolerance of commercial Australian wheat cultivars
to crown rot caused by F. pseudograminearum, with the cultivar
Suntop displaying a greater level of tolerance compared with the
other cultivars in the experiment. Variation in tolerance to crown rot
demonstrates the potential to explore genetic solutions to the
Fig. 3. Response curves describing the relationship between yield and crown rot index for five wheat cultivars in the experiment conducted near Bullarah in 2016.
Symbols and lines correspond to different cultivars.
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disease and, as such, prebreeding and breeding efforts can continue
to not only focus on improving the resistance of winter cereals to
crown rot infection but also can select for improved tolerance to the
disease. Ultimately, it is likely that both resistance and tolerance
mechanisms need to be combined in future cultivars to further
reduce yield losses from crown rot; a combination of mechanisms
which is already being pursued by some breeding programs. This
study confirms the importance of both resistance and tolerance
mechanisms in reducing the extent of yield losses to crown rot, with
the cultivars Sunguard and Suntop both displaying similar predicted
minimum yields in the presence of crown rot infection, albeit
Sunguard limited yield losses through amoderate level of resistance
while Suntop restricted yield losses through a greater level of
tolerance. The impact of environment will also likely play a role in
the extent to which each mechanism is effective in limiting yield
losses associated with crown rot, which will be a topic of future
research.
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